Abstract Children with long-standing chronic kidney disease (CKD) display clinical symptoms of bone disease, including bony deformities and fractures, which contribute to long-standing disability. Abnormalities in skeletal mineralization occur in a substantial proportion of this population and may contribute to chronic morbidity. Underscoring the potential contribution of parameters other than bone turnover to bone disease in CKD, a new definition for renal osteodystrophy (ROD), emphasizing the assessment of three key histologic descriptors, i.e., bone turnover (T), mineralization (M), and volume (V) (TMV), has been recommended in the assessment of all patients with CKD. Although bone biopsy is the only available method for assessing all three recommended areas of bone histology, this invasive procedure is not routinely used in any clinical setting; thus, a true understanding of the prevalence of abnormal turnover, defective mineralization, and altered bone volume throughout the course of CKD is limited. Recent data, however, have shed light on the progression of renal ROD throughout the course of CKD, including its early stages, as well as on the alterations in cell biology that accompany ROD.
Introduction
Chronic kidney disease (CKD) causes disordered regulation of mineral metabolism with subsequent alterations in skeletal and cardiovascular biology. Together, these manifestations are termed the chronic kidney disease mineral and bone disorder (CKD-MBD) [1, 2] . Renal osteodystrophy (ROD), a disorder of bone remodeling, is one element of the CKD-MBD which is quantifiable by bone histomorphometry. Although ROD has traditionally been classified according to lesions of bone turnover, which are effectively controlled with phosphate binder and vitamin D sterol therapy [3, 4] , children with long-standing CKD continue to display clinical symptoms of bone disease, including bony deformities and fractures which contribute to long-standing disability [5, 6] . Abnormalities in skeletal mineralization occur in a substantial proportion of pediatric patients with CKD [7] and may contribute to the increased fracture rates, bony deformities, poor linear growth, and chronic bone pain that persist despite adequate control of secondary hyperparathyroidism [4] . Underscoring the potential contribution of parameters other than bone turnover to clinical symptoms of bone disease, a new definition of ROD, emphasizing the assessment of three key histologic descriptors, namely, bone turnover (T), mineralization (M), and volume (V) (TMV), has been recommended in all patients with CKD [1, 2] . Although the bone biopsy is the only available method for assessing all three recommended areas of bone histology [8] , this invasive procedure is not routinely used in any clinical setting, and very few laboratories are equipped to perform bone histomorphometric analysis. Moreover, more readily accessible tools, including bone densitometry, have not proven predictive of bone disease or useful in the management of patients with CKD and are not generally recommended for the assessment of ROD [9] . Thus, a true understanding of the nature of ROD throughout the course of CKD is limited, and the true pathogenesis of ROD, particularly in its early stages, is incompletely understood. However, recent data have shed light on the progression of ROD throughout the course of CKD, including its early stages and on the alterations in cell biology that accompany ROD.
Pathogenesis of secondary hyperparathyroidism and the predictive value of parathyroid hormone
The decline in circulating levels of 1,25(OH) 2 vitamin D that occurs in early CKD has traditionally been attributed to a decrease in functional renal tissue. However, the concept of declining renal mass as the primary determinant of reduced 1,25(OH) 2 vitamin D levels in early CKD changed in 2005 when Gutierrez et al. described a significantly higher prevalence of 1,25(OH) 2 vitamin D deficiency than of anemia (i.e., erythropoietin deficiency) in adult patients with early CKD [10] . Earlier studies had demonstrated that levels of fibroblast growth factor 23 (FGF23), a skeletal hormone which, in conjunction with its co-receptor, Klotho, binds to various fibroblast growth factor receptors (FGFRs) to induce phosphaturia and suppress calcitriol production [11, 12] , were increased in patients with various degrees of renal dysfunction [13] . Together, these data suggested that suppression of renal 1 α-hydroxylase, rather than the loss of renal mass (which would be expected to affect renal 1α-hydroxylase and erythropoietin to a similar degree), results in decreased values of 1,25(OH) 2 vitamin D, particularly in early stages of CKD, and that this suppression may be mediated by increasing circulating FGF23 levels. Although controversy exists as to the etiology of these increased values in early CKD, with some studies suggesting a role for possibly intermittent increases in enteral phosphate burden and others suggesting stimulation by increases in circulating parathyroid hormone (PTH) [14, 15] , current data demonstrate that FGF23 levels rise early in the course of CKD. Indeed, circulating FGF23 levels are increased in 30-40 % of adults with an estimated glomerular filtration rate (GFR) of 70-90 ml/min/1.73 m 2 , while parathyroid hormone (PTH) concentrations are above the normal range in only 10 % of these same individuals [16] . Several studies in children are consistent with these data from the adult population [17] [18] [19] [20] [21] ; thus, it appears that increases in FGF23 may be the first detectable biochemical evidence for an abnormal regulation of mineral ion homeostasis in early CKD, leading to the early decline in 1,25(OH) 2 vitamin D levels ( Fig. 1) .
Following increases in FGF23, a decline in 1,25(OH) 2 vitamin D levels leads both to impaired intestinal calcium absorption as well as to increased serum PTH values [22] . Elevated PTH levels maintain normocalcemia in the face of impaired intestinal calcium absorption by increasing calcium release from bone. Bone resorption, however, leads to an increase in the amount of phosphate that must be excreted by a declining number of functional nephrons. When renal function becomes severely impaired, phosphate levels rise, further suppressing renal 1α-hydroxylase activity and stimulating PTH [3] . Thus, in late stages of CKD, hypocalcemia, hyperphosphatemia, and low circulating 1,25(OH) 2 vitamin D concentrations all contribute to the development of secondary hyperparathyroidism. Secondary hyperparathyroidism has long been the primary target of therapy in patients with CKD as persistently elevated levels of PTH stimulate osteoblastic activity and increase bone turnover [23] , with clinical consequences of poor growth, bony deformities, and fractures [24] . However, skeletal resistance to the actions of PTH develops as CKD progresses, resulting in the need for higher PTH levels to maintain normal rates of bone formation [1, 2, 8] . The pathogenesis of skeletal PTH resistance is incompletely understood, but several factors contribute, including, but probably not limited to, the accumulation of biologically active PTH fragments [25, 26] and downregulation of the PTH receptor [27] . Although the actions of many different fragments of the PTH molecule are still uncharacterized, in vitro and in vivo experimental data indicate that one or more amino-terminally truncated PTH(1-84) fragments antagonize the calcemic actions of PTH(1-84) and diminish bone cell activity, thereby modulating bone metabolism. Indeed, synthetic PTH(7-84), which appears to be similar to naturally occurring circulating amino-terminally truncated PTH fragments [28] , inhibits the formation of tartrate resistant acid phosphatase (TRAP)-positive bone-resorbing cells in vitro [27] and inhibits bone formation in vivo [29] , while dialysis patients with hyperparathyroid bone disease due to increased levels of PTH(1-84) have increased circulating levels of PTH and are resistant to the calcemic actions of PTH(1-34) [25] . These data suggest that at least some of the different carboxyl-terminal PTH fragments have biological activity and may play a role in the skeletal resistance to the full-length PTH molecule.
Shortcomings of the first generation immunometric assays (IMA) for measuring PTH (1st PTH-IMA) have been highlighted over the years and may also contribute to discrepancies between PTH measurement and bone formation rate in patients with CKD. Indeed, 1st PTH-IMAs detect not only the intact hormone, but also PTH fragments truncated at the amino-terminus [30] [31] [32] ; thus, most detection antibodies, which are usually directed against epitopes within the amino-terminus of the hormone, detect not only PTH(1-84), but also one or several amino-truncated fragments of the PTH molecule [32] . Although second generation immunometric PTH assays (2nd PTH-IMAs) do not detect these large amino-terminally truncated PTH fragments [33] and were initially thought to be better predictors of bone turnover [34] , subsequent investigations failed to confirm their superiority over 1st PTH-IMAs [35, 36] . Moreover, it is now apparent that values of PTH vary between assay manufacturers; indeed, Joly et al. reported that the diagnosis of hyperparathyroidism could have changed in 11 of 34 patients had different assays been utilized [37] . As a result, any interpretation of PTH values is difficult and affected by the assay used; significant controversy exists regarding the optimal target levels of PTH in children with all CKD stages. Even in the dialysis population, in whom the majority of bone biopsies worldwide have been performed, recommendations vary widely. Current recommendations by the National Kidney Foundation suggest that levels be maintained between 200 and 300 pg/ml [8] , the European Pediatric Dialysis Group suggests that values between two-and threefold the upper limit are optimal in dialyzed children [38] , and a much broader range-between two-and ninefold the range for normal individuals-is recommended by the Kidney Disease: Improving Global Outcomes (KDIGO) foundation for patients treated with maintenance dialysis [2] . The data in the pre-dialysis CKD population are very limited, with only one existing study describing PTH values and bone histology in pediatric patients with early kidney dysfunction [21] ; thus, further studies are critically needed to define optimal target PTH ranges throughout the course of CKD.
Bone disease across the spectrum of CKD As stated by the Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines for bone disease in children with CKD, "The most accurate diagnostic test for determining the type of bone disease associated with CKD is iliac crest bone biopsy with double tetracycline labeling and bone histomorphometric analysis (EVIDENCE)" [8] . At the time that these guidelines were developed, a paucity of bone biopsy data existed in the pre-dialysis CKD population, thus all recommendations regarding the management of bone disease in early CKD were based exclusively on opinion. Since publication of the KDOQI guidelines, several important advances have been made in the field of bone disease in the pediatric CKD population. The first was the redefinition, by the KDIGO working group, of ROD to include measurements of skeletal mineralization and bone volume, in addition to the traditional parameters of bone turnover, in the assessment of bone histology [1] . Following this statement, a startlingly high prevalence of mineralization defects was described in pediatric dialysis patients [7, 39] . Subsequently, the prevalence of TMV abnormalities has been described in the pediatric CKD population, including patients with very early (stage 2) CKD [21] . Finally, recent data describing changes in osteocyte physiology early in the course of CKD [40, 41] have resulted in an increased understanding of the pathophysiology of ROD, including the changes in bone metabolism that occur before the development of secondary hyperparathyroidism.
Spectrum of pediatric ROD in end stage kidney disease
Lesions of ROD have traditionally been defined by changes in bone turnover, with lesions of high bone turnover presenting the most common defect in the pediatric dialysis population [42] . However, in 2010, Bakkaloglu et al. [7] demonstrated a high prevalence of mineralization defects in a cross-section of 161 dialysis patients after at least 4 weeks of washout from active vitamin D sterol therapy prior to bone biopsy. While high bone turnover was found to be the predominant skeletal lesion, with 57 % of the subjects displaying increased rates of bone formation and only 4 % displayed lesions of low bone turnover, abnormal mineralization, defined by a concurrent increase in osteoid volume and osteoid maturation time, was found in a high percentage of the population, irrespective of the underlying bone formation rate. Indeed, 48 % of all subjects, including 58 % of those with high bone turnover, 38 % of those with normal bone turnover, and 29 % of those with low bone turnover, displayed abnormalities in skeletal mineralization [7] . Although FGF23-the levels of which were found to correlate with skeletal mineralization in subsequent studies [40, 43] was not evaluated in this analysis, serum PTH and alkaline phosphatase values were both directly related to bone formation rate while defective mineralization was associated with higher serum PTH and lower serum calcium levels. These data suggest that no single biochemical marker is able to provide a complete assessment of ROD but that a combination of biochemical parameters, including PTH, alkaline phosphatase, and calcium, might allow for improved assessment of turnover and mineralization abnormalities in pediatric patients treated with maintenance dialysis. The value of such a treatment strategy, as well as the potential role of FGF23 and other markers, such as bone specific alkaline phosphates, collagen cross-links, and osteocalcin, in the assessment in the treatment of ROD will need to be confirmed by prospective randomized studies.
The high prevalence of mineralization defects in the pediatric dialysis population was confirmed in a subsequent clinical trial by Wesseling-Perry et al. [39] in which, at baseline, over 80 % of subjects, all of whom had high bone turnover at baseline, displayed histomorphometric evidence of defective mineralization. In this trial, despite the majority of patients with active vitamin D sterol and phosphate binder therapy showing a reduction in PTH values and normalization of bone turnover, skeletal mineralization remained abnormal [39] . The reasons behind this persistent defect in skeletal mineralization remain unknown, but animal data have recently implicated active vitamin D sterols in potentiating the mineralization defect. Indeed, osteoblastic vitamin D receptor (VDR) signaling appears to directly stimulate the transcription of genes encoding mineralization inhibitors, such as pyrophosphate, likely through increased expression of ectonucleotide pyrophosphatase/phosphodiesterases 1 and 3 (Enpp1 and Enpp3) and ankalsosis (Ank) and through concomitant suppression of tissue non-specific alkaline phosphatase (TNAP) expression [44] . Alternatively, deficiency of 25(OH)vitamin D [45] or alterations in osteocytic FGF23 expression may also contribute to this persistent defect [40] .
Spectrum of ROD: pre-dialysis CKD
Until recently, as highlighted by the KDOQI guidelines, a paucity of data existed on the prevalence and characteristics of bone disease in the pre-dialysis CKD population [8] . In 2012, however, one study evaluated the spectrum of ROD in pediatric pre-dialysis CKD patients [21] . In this study of 52 patients with CKD stages 2-4, bone turnover was normal in all subjects with CKD stage 2 and in the majority of those with CKD stage 3. Bone formation was increased, however, in 29 % of patients with CKD stage 4 (Fig. 2) . It is interesting to note that only four subjects from the entire cohort displayed evidence of adynamic bone disease. All four of these individuals had either CKD stage 2 (n02, neither of whom received phosphate binders or vitamin D sterols) or stage 3 (n02, both of whom received oral calcitriol).
CKD Stage % of Subjects with Abnormal Values for
Bone Turnover, Mineralization, PTH, and FGF-23 In contrast to the rather late increases in bone turnover, abnormalities in skeletal mineralization were present as early as CKD stage 2 (Fig. 2) . Excess osteoid accumulation, defined as increased osteoid volume/bone volume, was observed in 43 % of subjects with CKD stage 2 and in 86 % of patients with CKD stage 4/5. Similarly, a prolongation in osteoid maturation time was observed in 43 % of subjects with stage 2 CKD, 79 % of those with CKD stage 3, and 79 % of those with CKD stage 4/5. In order to separate a true mineralization defect from hyperosteoidosis resulting from increased osteoblastic activity, "defective mineralization" was defined as an increase in osteoid volume/bone volume in combination with a prolongation in osteoid maturation time. Using this definition, 29 % of all subjects with stage 2 CKD, 42 % of those with stage 3 CKD, and 79 % of subjects with stage 4/5 CKD displayed evidence of a mineralization defect. Although PTH levels were in the normal range in the majority of subjects with CKD stages 2 and 3, circulating FGF23 values were overtly elevated in all CKD stages. Overall, the majority of subjects, irrespective of CKD stage, displayed either normal or increased bone volume, and only two subjects (one in CKD stage 1 and 1 in CKD stage 2) had evidence of low bone volume.
Osteocyte dysfunction in early CKD: effect on ROD Recent data from animals and humans suggest that abnormalities in skeletal biology, specifically in osteocytic protein expression, occur very early in the course of CKD, before changes in PTH are apparent, and that they may be critical to the pathogenesis of abnormal bone turnover and mineralization in early CKD. Indeed, in 2004 Lund et al. [46] demonstrated that renal ablation in mice resulted in low bone turnover if circulating levels of calcium, phosphate, 1,25 (OH) 2 vitamin D, and PTH were kept constant, suggesting that some changes in bone turnover, particularly in early CKD, are independent of measurable changes in mineral ion homeostasis. Subsequently, Sabbagh et al. [41] demonstrated similar findings in Jck mice in whom increased osteocytic sclerostin expression was related to changes in bone turnover with progressive kidney disease. Sclerostin is an inhibitor of Wnt signaling-mediated bone turnover; thus, increases in its expression result in the suppression of bone formation and the development of adynamic bone early in the course of kidney disease [41] . PTH, however, suppresses sclerostin expression [47] and, as moderate to severe CKD develops, rising PTH levels inhibit skeletal sclerostin expression, allowing bone formation rates to increase [41] .
The abnormalities in skeletal mineralization that occur in early CKD also appear to be linked to changes in osteocyte biology. In 2009, Pereira et al. [40] reported that osteocytic protein expression is altered early in the course of CKD and that the expression of some of these proteins may be linked to the abnormalities in skeletal mineralization that are apparent in early pediatric CKD. Indeed, skeletal expression FGF23 is already markedly upregulated in osteocytes in very early CKD [40] , occurring as early as stage 2 CKD (Fig. 3) , at a time when serum PTH, vitamin D, calcium, and phosphorus concentrations are still within the normal range [22] but when circulating values of FGF23 are increased [16] . Increased plasma FGF23 levels may be secondary to defects in regulatory proteins, including the osteocytic protein dentin matrix protein 1 (DMP1) and ecto-nucleotide pyrophosphatase/phosphodiesterase (ENPP1), as documented in patients with normal renal function who develop different forms of hypophosphatemic rickets [40, 48, 49] . These findings, which are consistent with those in animals lacking these two proteins [48, 50] , have suggested that DMP1 and ENPP1 are negative regulators of FGF23 synthesis and secretion. However, the early increases in FGF23 observed in pediatric patients with CKD are associated with an increase, rather than a decrease, in osteocytic DMP1 expression [40] (Fig. 4) . In the context of CKD, osteocytic expression of both FGF23 and DMP1 correlates with histomorphometric parameters of skeletal mineralization [40] . Thus, it appears that osteocytes, which are presumably the source of increased circulating FGF23 levels early in the course of CKD, are unable to generate sufficiently high levels of a biologically active DMP1 to suppress osteocytic FGF23 production; abnormalities in osteocyte function thus occur even with only mild decreases in kidney function. Moreover, the osteocyte, previously thought to be a relatively quiescent cell with a role limited to skeletal mechanosensation, is an endocrine cell, and the disruption of its normal biology triggers alterations in parathyroid gland biology, mineral metabolism, and skeletal mineralization in patients with all stages of CKD.
Implications for therapy
Circulating levels of FGF23 have been identified as an independent risk factor for mortality in adult CKD patients and in the general population at large [51] [52] [53] , and short-term trials have demonstrated that treatment with either sevelamerHCl or lanthanum carbonate may reduce elevated FGF23 levels, resulting in increased circulating 1,25(OH) 2 vitamin D and decreased PTH values without altering serum phosphorus levels in normophosphatemic patients with CKD stages 3 and 4 [54, 55] . Calcium-based phosphate binders, by contrast, have not proven effective in lowering FGF23 values [54] , and animal data suggest that calcium may stimulate FGF23 expression [56] . Treatment with active vitamin D sterols has been linked with improved survival rates in large cohorts of dialysis patients [57, 58] ; however, this form of therapy increases circulating FGF23 values [39] which have themselves been identified as an independent risk factor for cardiovascular disease and mortality in all stages of CKD [52, 53, 59] . While no prospective studies have yet been performed to assess the reason behind this paradox, active vitamin D sterol therapy is currently recommended in pre-dialysis CKD patients when PTH levels begin to rise [8] , and further studies are needed to assess the systemic implications of these recommendations on morbidity and mortality in CKD. Indeed, the prevention of excessive intestinal phosphorus absorption with non-calcium-containing phosphate binders in early CKD, when serum phosphorus levels are in the normal range, may be of critical importance in preventing secondary hyperparathyroidism and preserving native renal 1,25(OH) 2 vitamin D production while preventing a rise in FGF23 [54] . The direct association between FGF23 with height standard deviation score (SDS) and insulin-like growth factor 1 (IGF1) levels in children with CKD [17, 21] further complicates recommendations in the pediatric population as therapies aimed at lowering FGF23 levels in children may have adverse consequences on linear growth. Thus, further studies are needed to determine the long-term consequences of ROD therapies on bone biology, growth, and cardiovascular disease in children with CKD.
Summary
Defective skeletal mineralization is prevalent early in the course of pediatric CKD, prior to the development of abnormalities in bone turnover. These defects occur at a time when circulating levels of calcium, phosphorus, vitamin D, and PTH are within the normal range in the majority of patients and develop in conjunction with alterations in osteocyte biology, namely increased osteocytic FGF23 and DMP1 expression. Thus, osteocyte dysfunction, occurring early in the course of CKD, likely contributes to significant morbidity in this population. Current therapies aimed at the treatment of ROD may affect osteocyte function, and further studies are needed to determine the effects of these regimens on bone biology as well as to determine optimal target ranges for biomarkers.
